The equilibrium and dynamic properties of a new lattice model of proteins are explored in the athermal limit. In this model, consecutive a-carbons of the model polypeptide are connected by vectors of the type ( + 2, f 1,O). In all cases, the chains have a finite backbone thickness which is close to that present in real proteins. Three different polypeptides are examined: polyglycine, polyalanine, and polyleucine. In the latter two cases, the side chains (whose conformations are extracted from known protein crystal structures) are included. For the equilibrium chain dimensions, with increasing side chain bulkiness, the effective chain length is smaller. The calculations suggest that these model polypeptides are in the same universality class as other polymer models. One surprising result is that although polyalanine and polyleucine have chiral sidechains, they do not induce a corresponding handedness of the main chain. For both polyleucine and polyalanine, the scaling of the self-diffusion constant and the terminal relaxation time are consistent with Rouse dynamics of excluded volume chains. Polyglycine exhibits a slightly stronger chain length dependence for these properties. This results from a finite length effect due to moderately long lived, local self-entanglements arising from the thin effective cross section of the chain backbone.
I. INTRODUCTION
Monte Carlo lattice dynamics have proven to be a very useful tool for investigations of the effect of excluded volume on the static and dynamic properties of polymeric chains,lv3 the statics and dynamics of polymer solutions and melts, 4'5 and other related problems.6 Single polymer chain properties, in particular, the coilglobule transition of the chain, are frequently discussed in the context of polypeptide chain collapse or folding.'** Recently, we developed a high coordination lattice model of a polypeptide chain which was successfully used in the study of globular protein folding.'*" Since this model is considerably more complex than any of the earlier lattice models of a single polymeric chain, it is reasonable to ask if the general findings of previous lattice chain studies remain valid for the present model. In particular, we will address the following questions: First, what is the effect of side groups on the statics and dynamics of the model chain under high temperature (denaturing) conditions? We modeled these conditions employing the athermal solvent approximation. Consequently, only hard-core repulsive interactions contribute to the mean force of interaction between polymer segments. To some extent, the present model may be viewed as a combbranched polymer, with appropriate dynamics. The second question concerns the influence, if any, of the built-in chirality of the monomers on the properties of the model. Finally, the effect of varying size side groups is investigated.
For easy reference, we need to consider well defined, as simple as possible, amino acid sequences of these model "' To whom correspondence should be addressed.
chains. Thus, the following three types of polypeptides have been studied: polyglycine, poly-1-alanine, and poly-1-leucine. Polyglycine does not have any side chains, and its a-carbons are achiral. The other two have chiral a-carbons, and their side groups differ substantially in size, which allows us to address the above questions.
Since the present model is generic to the one we are using to simulate globular protein folding, ' it is important to find out to what extent its dynamics is physical. If so, the folding pathways we observe can be considered to be more reliable.
This paper is organized as follows. In the next section, we describe the details of the model chain geometry and its physical foundations. The accuracy of the lattice approximation to the polypeptide conformation is analyzed. The Monte Carlo dynamics of the model chains is discussed in Sec. III. Section IV gives a description of the sampling procedure and defines several measured properties of the model polypeptide. In the following two sections (V and VI), we present the results of simulations and discuss the statics and dynamics of these systems. The last section contains concluding remarks.
II. LATTICE MODEL OF POLYPEPTIDE CHAINS
The model described here is a result of a compromise between simplicity and the desire to account for the most important conformational features of polypeptides. The CLcarbon representation of the main chain backbone and a spherical representation of the side groups is the option which has been selected. As shown below, the lattice is able to fit with reasonable accuracy the local and global geometry of polypeptides. It is constructed from a subset of simple Kolinski, Milik, and Skolnick '. 126.8'. 113.6", 101.5', 9tY, and 78.5'. cubic lattice points connected by vectors of the virtual bonds between nearest neighbor a-carbons of the type ( f 2, + l,O). For easy reference, it will be called a 210 lattice. The coordination number of the lattice, (the number of possible orientations of the virtual bonds between nearest neighbor o-carbons) is equal to 24. The chain of consecutive a-carbons on this lattice may be visualized as the three-dimensional generalization of a knight move in chess, with some restrictions related to the excluded volume of the backbone and side chains. How accurate is this approximation in comparison to a real protein backbone? The lattice distance (where an integer representation of lattice points is assumed) between two consecutive a-carbons is equal to 5"2. If one associates this with the ECEPP" value for the virtual bond length which is equal to 3.785 A, then the local geometry of various structures can be compared. First, let us consider the two most extended (however, with exclusion of the physically impossible collinear one), configurations of a pair of lattice vectors. These "configurational states" may be characterized by the distance <-I,i+ , = 16, or 18 in model units. This corresponds to vi _ ,,i + , = 6.77 and 7.18 A, respectively, distances which are close to the 6.5 and 7.0 A repeat periods for the parallel and antiparallel /? sheets. l2 In order to mimic the twist ofp structures, the lattice chain has to contain some <-, i+, = 14 states; thus, one obtains an average which is in quite good agreement with the conformation of real ,9 proteins. A similar level of accuracy holds for a helices, p turns, or loops, as I;t-,,i + , can assume six allowed values: 8, 10, 12, 14, 16, and 18. We will call these sequences of two virtual a-carbon bonds an 8 state, 10 state, etc. We have aprioriexcluded 2,4,6, and 20 states as unphysical; i.e., they do not have their counterparts in real protein chains. In Fig. 1 , all possible orientations of two consecutive a-carbona-carbon bonds are schematically shown, given a fixed orientation of the first virtual bond.
In order to account for the proper volume of the polypeptide backbone which includes other atoms besides the acarbons, it is assumed that the six simple cubic (SC) neighbors of the a-carbon 2 10 lattice site are excluded, an example of which is shown in Fig. 2 . This way, the hard core envelope of the main chain is created, where every glycine unit occupies seven points of the underlaying SC lattice. This gives a reasonable radius for the excluded volume of the main chain in the range of 1.7 A.
The configuration of the side chain of a given amino acid of the polypeptide depends on the local conformation of the main chain. In order to account for the excluded volume of the side chains, we followed the method described recently by Gregoret and Cohen ( GC) .13 Since we need a lattice representation, the method has to be slightly modified and consists of the following steps: First, we exactly reproduced the GC procedure and evaluated the close packing dimensions of side chains for 67 high resolution structures of proteins in the Brookhaven Protein Data Base (PDB).14 It should be remembered that in GC approach, most of the side chains including those of alanine and leucine, are represent-polypeptide (with, of course, a proper representation of side groups of the other amino acids) is able to fit the conformation of all native structures in the PDB with a single set of parameters for a given amino acid. The root-mean-square deviation of a-carbons and centers of mass of the side chains is in the range of 1.5 A, which is the level of accuracy of the PDB structures. This means that it is possible to simultaneously reproduce the local as well as global geometry of proteins in the framework of a relatively simple (lattice) model. As a matter of fact, an aposteriori test of chirality of the lattice chain representations shows 80% agreement with the corresponding PDB data. Therefore, one may conclude that the model is quite accurate in spite of the assumed lattice representation. (This will be discussed in further detail elsewhere.) Parenthetically, let us note it is implicitly assumed that the side groups conformation (given the backbone conformation) extracted from native structures are equivalent to those in denatured state. Elsewhere, we demonstrate this assumption is in fact very well fulfilled for most of amino acids, and qualitatively is good for all of them.15 FIG. 3. An example of an alanine side group excluded volume. The distance from the &carbon to the center of the side group is 1.50 A (the corresponding vector for the given example of main-chain conformation, the 16-state, is equal to ([ -0.4223, -0.6572, 0.41991 ) and the side group radius is equal to 2.02 A, which is in nice agreement with the van der Waals radius of the methylene group.
III. MODEL OF DYNAMICS
ed as a single sphere. As a result, we obtained rALA = 2.02 A, which is equivalent to the excluded volume radius of the fl-CH, group in alanine. The average location of the center of mass of the side group for alanine is at a distance R,,, , from the a-carbon and varies over the range from 1.49 to 1.5 1 A. Thus, this distance is almost independent of the main-chain conformation; however, the orientation of side group always depends on the main-chain conformation. The corresponding values for the leucine side group, -CH, CH( CH, )*, are rtEU = 2.3 A and R LEU = 2.36 -2.48 A, depending on the value of <-l,i + r . In the second step, we projected every sequence of three amino acids, with the central one being leucine or alanine, onto the nearest possible two bond sequence of the 2 10 lattice. This defines the side chain orientation and hard-core envelope for every conformation within the lattice approximation. All the SC lattice points inside a given side chain sphere are then considered as excluded to the other side chains as well as to the main chain backbone. Of course, the sphere which mimics the hard-core envelope of the a-carbon under consideration partially overlaps with the sphere of the side group. Both constitute the hard core of a given amino acid. The above representation is quite accurate in spite of the fitting procedure and the averaging of all the proteins over the Brookhaven Protein Data Bank.14 The proper chirality of all the amino acids are preserved, and presumably, the effect of side chain excluded volume on the conformational spectrum of the model polypeptide is well accounted for. An example of an alanine side group lattice representation is schematically depicted in Fig. 3 .
The high coordination number (z = 24) of the 210 iattice allows for a lattice dynamics model which is very close to an off-lattice, bead-and-sticks2 model with its essential spike dynamics. Of course, there are substantial lattice restrictions, which are mostly related to the limitation of conformational flexibility in real polypeptides, and therefore they are rather physical.
The dynamics of the entire model chain results from a succession of local conformational transitions. In this sense, it is analogous to the lattice dynamics of a simple cubic (SC) lattice,r6 a diamond lattice," or a face-centered-cubic'* (fee) lattice chain. The difference is in the larger number of local jumps involved. Consider a sequence of three beads (acarbons). For each of the allowed distances between bead 1 and 3, the central bead can be in at least two positions. This condition obtains for conformations 6, = 10, 14, 18. For & = 8 and 16, there are four positions of the central bead. For 4, = 12, there are six possible conformations with fixed beads 1 and 3. Thus, a new a-carbon-a-carbon orientation may be easily created within the chain interior, and the process can be considered to be microscopically reversible, satisfying proper detailed balance. In Fig. 4 , the set of allowed conformational transitions is shown for every ri3 distance. The chain ends have to be treated separately, and for them, the new random orientation of the two end segments is always generated. The model polypeptide chains are constructed as a sequence of (n + 2) beads on the 210 lattice, numbered from 0 to (n + 1). Only n of them can be considered as the a-carbon centers (with side groups for alanine and leucine), while the two end beads serve only to define the conformation of the 1st and the nth amino acid.
Finally, let us point out that the above lattice model of a
The Monte Carlo algorithm works as follows:
( 1) The ith bead (one of the n + 2 beads) of the model chain is selected at random. For an inner bead, the new conformation is generated by the permutation of two bond vectors (states 10, 14, and 18) or by a random mechanism (2) If all the restrictions are satisfied, the new conformation is accepted, and then a new iteration is attempted.
When i<l or Dn, two bond, end rearrangements are invoked with a new conformation generated at random.
A natural unit for the time scale of the model chain dynamics is the time required for (n + 2) attempts at a bead (beads in the case of an end) move. Of course, since the process is controlled by a random number generator, some beads will be not invoked at all in any particular single time unit cycle. The average for every bead over a long time of simulation is, however, the same.
The above procedure requires some comment. It is easy to note that the dynamics is restricted rigorously by the chains excluded volume. What is less obvious is that topological restrictions are exactly obeyed in that the set of local moves ensures that any portion of the chain cannot pass through another portion of the chain. In other words, one must be careful to avoid bond cutting. The thickness of main-chain hard-core envelope is large enough to prevent such an event for the particular model of local conformational transitions employed here. This way, the model chain dynamics should reproduce the dynamics of a real chain, which is presumably somewhat different than that of an idealized phantom chain (e.g., RouseI dynamics).
IV. SAMPLING PROCEDURE
The initial conformations of non-self-overlapping chains were generated by a separate Monte Carlo algorithm. After that, short equilibration runs were performed. For all three model polypeptides and for each chain length of interest, a few different starting conformations have been prepared. The dynamics of these systems are simulated over a period which was ten (the case of the longest chain, n = 249) to several hundred times longer than the longest relaxation time of the chain conformation. The averages from separate independent runs are used to estimate the level of accuracy of the measured properties. The size of the coil is measured by (R ", ), the mean-square end-to-end distance for the chain of length n, and by (S ', ), the mean-square radius of gyration of the coil. To facilitate comparison between polyglycine, polyalanine, and polyleucine models only the acarbons contribute to (S ", > . Accounting for side chains in the calculation of (S ', ) changes the obtained values marginally, probably within the statistical error of the simulations. Some higher moments of R, and S,, were also calculated, which allows for the analysis of the coil shape. , A more detailed description of the local structure of the model chains comes from the inspection of various equilibrium correlation functions. The most important seem to be orientational correlations down the chain. We measured the average cosine of the angle between bond i and j.
(COS 0,) = (li*lj)/12
(1) with l2 = 5. The averaging process involves the chain bond index i, time averaging, and averaging over independent runs. The chirality of the main chain backbone has been measured as
where the term in the inner brackets denotes cross product.
In the case of a nonchiral chain, the average value of Iii should be equal to zero for all values of i and j. Any nonzero value signals some chirality effect of the side groups on the main-chain conformations.
The dynamics of the model system can be conveniently characterized in terms of various autocorrelation functions. We measured the single bead autocorrelation function g(t), the center of gravity autocorrelation function g,,,, ( t), and the autocorrelation function for end-to-end vector g, (t);
with r and rc,m, being the Cartesian coordinate of a single bead (a-carbon) and the center of gravity of the coil, respectively. R, is the end-to-end vector. The averaging ofg,,,, and g, is performed over time and over multiple runs, while the calculation ofg also involves down the chain averaging. The behavior of these autocorrelation functions can be easily compared with theoretical predictions, other simulations and some experimental findings.
V. STATIC PROPERTIES
The average properties of the model polypeptides were obtained by time averaging over sufficiently long trajectories (in most cases, a single trajectory corresponds to the time equivalent of hundreds of rR, the terminal relaxation time of the chain conformation) and over a few (2 to 5) separate runs. For two systems, we also performed an additional simulation using a quite different algorithm, in which one side (randomly selected) of the chain is rotated, or bent, by a random mechanism. The equilibrium results coincided (within the statistical uncertainty) with those obtained by dynamic sampling. This may be considered as an additional test of the ergodicity of the Monte Carlo dynamics of these models.
A. Chain dimensions
In Table I , we compare the average characteristics of the model polypeptide coils. The standard deviation of the (S ') and (R ') is given for all those cases where at least three independent simulation runs were performed. Inspection of the coil dimensions of various types of polypeptides of equal degree of polymerization shows a substantial increase of (S2) and (R ') with increasing molecular mass of the amino acid. Meanwhile, there is an opposite tendency in the changes of (R 4)/(R 2)2. The behavior of this ratio at small n shows that model polyglycine (then polyalanine) more rapidly approaches the long-chain limit of the segment distribution, with the associated proper limiting values of the various moments. For the ratio of (S ">/( R '), the limiting value is close to 0.157 (the value observed in other simulations of lattice chains with excluded volume) in contrast to l/bthe value for an ideal chain. The model polyleucine seems to exhibit the most short chain character, at least for n = 49 (via a small value of the (R 4)/(R 2)2 ratio).
Additional confirmation of the above conclusions come from an analysis of the (St ) or (R ', ) vs n scaling. In Fig. 5 , the obtained values of (SZ, ) are compared with the theoretically expected scaling for large n. One may expect an universal behavior of the type (S ') -n2". Indeed, the value of 2~ for polyglycine is equal to 1.2, in good agreement with 2~ = 1.184 + 0.04. This seems to be the limit value for excluded volume, athermal chains. For polyalanine and polyleucine, the exponent over the entire range of n studied is equal to 1.27; however, in the case of polyalanine, the fit to the window n>99 is in reasonable agreement with 2~ = 1.20. These observations strongly suggest that the model polypeptides belong to the same universality class as other models of "real" (with excluded volume) polymers. However, the large n limit behavior is approached for larger values of n when the size of the side group of the amino acid increases.
Bond-bond correlations
In Fig. 6 , the logarithm of (cos(@~ ) ) is plotted vs distance down the chain b -iI + 1. Apparently, the results of simulations can be well fit by straight lines. Therefore,
with a = 1.52 for polyglycine, 1.29 for polyalanine, and 1.18 for polyleucine. In other words, the local correlation of the main chain backbone increases with increasing size of side group.
A somewhat surprising result comes from analysis of the chirality factor for the main chain 1, vs distance down the chain. For all the systems studied, the obtained values of I,j are equal to zero within the statistical noise (some samples are very large), even for short distances down the chain. There is no handedness of the main chain induced by the chirality of amino acids under the strongly denaturing conditions described here, i.e., when uniform backbones having chiral side chains are considered. In real polypeptides, the steric clash of the main chain and side chain atoms induces local chirality; such effects are absent in the present model. Therefore, the right-hand twist observed in proteins ((r helices, twist ofp strands) may be partially induced by attractive interactions (hydrophobic interactions of side groups, hydrogen bonding), or by other tertiary interactions in the native state, or perhaps there must be a high amino acid density (in the native state) in order to enforce the handedness by the steric interactions of side groups. This is not the case in the present simulations.
In Table II , we compare the relative frequency of various conformational states in the three types of model polypeptides. There is a clear increase of population of 18 states (corresponding to expanded /3 structures) and a slight, but non-negligible, increase of probability of 12 and 14 states (which correspond to wide helical conformations) with increasing size of the side groups. This is accompanied by a decrease in population of the 8 states and to a lesser extent of 10 states. This way, excluded volume, even in very expanded conformation, enforces a bias towards more expanded, p sheetlike global configurations.
VI. DYNAMIC PROPERTIES
The dynamics of the single polymeric chain, when hydrodynamic interactions are ignored (which is also the case of present model) should be similar to dynamics of a beadand-spring Rouse" model. The Rouse model is solvable analytically and predicts that the terminal relaxation time, (which is equal to relaxation time for end-to-end vector of the chain) to be proportional to n2, and the diffusion coefficient should be proportional to n -'. Marginally, let us note that it has been proven that freely jointed" chains which are very similar to high coordination number lattice chains and lattice chain dynamics," without excluded volume and topological restrictions, is homeomorphic to Rouse dynamics as far as the time scales considered are large in comparison to the single bond relaxation time. The introduction of excluded volume and topological restrictions is essentially possible only in simulated models and seems to substantially increase the terminal relaxation time. Most of the simulations on simple lattice models suggest that for this kind of model, the terminal relaxation time should scale at least like n2.*, with 2.2 being the limiting (large n) value of the exponent.18'22*23 Approximate theoretical estimations23 of this exponent agree with the simulations. If one uses the original Rouse model, rRa n(S') and thus the dynamic scaling hypothesis with (S ") -n'.' gives rR a n2.2.
First, we checked if the present models exhibit a well defined terminal relaxation time. If so, one should observe, after a very short initial relaxation period, an exponential decay of g, ( t); g,(t) -exp( -t/rR 1 (7) with rR the longest relaxation time of the chain conformation. Of course, there are additional internal modes that contribute at short time. Figure 7 shows that there is indeed a very well defined longest relaxation time and that the other modes relax very fast. Therefore, we may use a simplified method to estimate r R ; namely, the time when g, ( f) decays to l/e of its initial value. As a matter of fact, this estimate provides the same degree of accuracy as values obtained from slopes of semilog plots ofg, ( t) vs r. The log-log plot of r1 vs chain length n is given in Fig. 8 .
In Fig. 9 , we plot examples ofg( t) and g,,,, (t) autocorrelation functions. Again, it is qualitatively the picture expected for Rouse-like dynamics. The diffusion coefficient D, which is defined as D = lim (g,,,, (t)/6t) (8) t-c9 may be extracted from log-log plots of g,,,, (t) against t, from g,,,, (t) vs f plots (slope), or just from the ratio g,,,, (t)/6t at large times, i.e., larger than the terminal relaxation time. A consistent method we use employs the ratio at the times when g,,,, (t) = 2(S i ). The obtained values of D are plotted in Fig. 10 vs chain length on a log-log scale. Prior to the discussion of chain length and amino acidtype dependence of these global dynamic properties, we should note that side groups have some effect on local dynamics. In Table III , we compare the acceptance ratio of local conformational jumps. With an increase of side chain size, there is a considerable decrease of acceptance ratio, and the dynamics is slowed down due to local conformational stiffness. Part of the observed increase of rR (and decrease of D) with increasing size of the side group seen in Fig. 8 (Fig.  10) could be connected to the decreasing frequency of elemental jumps. The lines drawn in Fig. 8 and in Fig. 10 have slopes 2.2 and -1, respectively. Therefore, the dynamics of model nonglycine, polypeptides seems to be consistent with the dynamics of simpler lattice models of single polymer chains. The accuracy of our data does not allow for an exact estimation of these exponents. For the case of polyglycine chains, there seems to be a somewhat stronger chain length dependence. The fit of rR exhibits the exponent 2.45 & 0.1, and for D, the exponent seems to be -1.1 f: 0.2. We may rationalize this by a finite length effect, which is enhanced for polyglycine by local, moderately long lived self-entanglements of the chain backbone. Thin chains having just a single point backbone (with appropriate methods of accounting for topological requirement of non-self-intersection) exhibit this effect even more dramatically-segments get caught much like hooks, therefore enforcing long lived contacts. These entanglements are more frequent and of a longer lifetime for polyglycine than for two remaining models due to the small backbone thickness.24 The effect can artificially enhance the chain length dependence of the relaxation time in the range of relatively short chains.
VII. CONCLUSION
In this work, we described a discretized model of polypeptide chains. The approach is based on an appropriate high coordination lattice representation of the main chain backbone and the side chain excluded volume envelope.
It has been shown that side groups contribute to the excluded volume of the entire polymer, increasing its coil size. However, these model chains belong to the same universality class as other simpler lattice chains with excluded volume. We have shown that in the absence of an attractive interaction between side groups (and/or when coil is expanded) there is no handedness of the main chain backbone induced by the built-in chirality of model aminoacids.
The dynamic properties of model polypeptides are also consistent with the dynamics of simple lattice chains. The results of our Monte Carlo lattice dynamic simulations show that the dynamics is essentially similar to that of a Rouse chain, with some enhancement of the chain length dependence of the terminal relaxation time. The results are consistent with 7R --n 2.2 and D-n -', in qualitative agreement with other lattice dynamic studies of single polymeric chains.
Consequently, we may expect that the lattice dynamics of similar 210 lattice models for the globular proteins (of course, with a manifold of side chains sizes in accord with the amino acid sequence) can be considered as a reasonable approximation to the dynamics of real proteins. The time scale when various short and long range factors are introduced will probably be somewhat distorted, but Rouse-like dynamics should be preserved.
